ABSTRACT We describe the aetiology of community-acquired pneumonia in children before and after the introduction of the pneumococcal conjugate vaccination (PCV) programme in 2006.
Introduction
The range of implicated pathogens in paediatric community-acquired pneumonia (CAP) is wide and includes viruses, bacteria and co-infection with both [1, 2] . Studies of pneumonia frequently report low levels of pathogen identification, although improved knowledge of pneumonia aetiology is essential for the development of targeted management and effective public health strategies such as vaccination [3, 4] . In the UK, the 7-valent pneumococcal conjugate vaccine (PCV) was introduced routinely in September 2006 and replaced by PCV13 from April 2010. The vaccine schedule is three doses administered at 2, 4 and 13 months of age. When first introduced, those over and under 1 year of age received one and two doses, respectively, as part of a catch-up programme for children aged ,2 years.
Identifying the aetiology of paediatric CAP is challenging, with a large number of potential pathogens, some of which may also be carried as commensal organisms, which can complicate the interpretation of the results of testing nasopharyngeal samples [5] . Conventional methods such as blood culture and serology often have limited sensitivity due to inadequate sample volume or lack of convalescent sera [3] . Molecular diagnostics are now routinely used in the assessment of viral respiratory infections and similar techniques have been developed for the detection of bacterial respiratory infections [6, 7] . RESTI et al. [8] demonstrated a significant improvement in the identification of pneumococcal pneumonia in children by PCR on blood samples (15.4%) when applied simultaneously with blood culture (3.8%). In a recent study of Italian children aged ,5 years, overall bacteraemic pneumococcal pneumonia was identified in 14.3%, which was established by PCR in 92%, blood culture in 1% and both in 7% of subjects [9] .
The introduction of PCV was expected to decrease the incidence of pneumonia in children, and this was supported by a region-wide epidemiological prospective survey [10] . We present data from studies conducted over two periods, before (2001) (2002) and after (2009) (2010) (2011) ) the addition of PCV. These were designed to describe the proportion of causative pathogens in paediatric CAP and describe how the identification of causative pathogens could be improved with the application of more PCR-based assays. As disease incidence declined, a longer recruitment period in the post-vaccine study was therefore planned, in order to have a larger cohort with representative aetiological data.
Methods

Participants
Two prospective studies were undertaken from August 2001 to July 2002 and October 2009 to March 2011. Enrolled children were from the North East of England (excluding Cumbria) who were aged 0-16 years and who presented with clinical and radiological features suggestive of pneumonia. They were admitted to the paediatric services at the Great North Children's Hospital, Newcastle upon Tyne (formerly Newcastle General and Royal Victoria Infirmary), the regional cardiothoracic centre at the Freeman Hospital (Newcastle upon Tyne) or the James Cook Hospital (Middlesbrough). The cohort of 2001-2002 study was a proportion of children with pneumonia seen at these recruitment sites as part of a previously published regional epidemiological survey [11] . They consented and were enrolled in the aetiological study with an extended panel of investigations. Written informed consent was obtained from parents and assent obtained from older children. Ethical approval was granted by the Newcastle and North Tyneside research ethics committee and the research approval board at South Tees Hospitals NHS Trust, Middlesbrough. Caldicott approval was also obtained.
Research teams of doctors and nurses led and ascertained the standardised diagnosis of pneumonia and the recruitment procedures. Recruitment methodology and enrolment criteria were consistent across the two studies and included children with any history, signs or symptoms suggestive of lower respiratory tract infection, including any of fever, tachypnoea (defined age-specific respiratory rates), dyspnoea, cough, respiratory distress, chest wall retractions and auscultatory findings such as crackles, bronchial breathing or reduced breath sounds, together with chest radiographic findings consistent with pneumonia as determined initially by the local paediatrician. Data on C-reactive protein and full blood count indices were used when clinically indicated by the admitting teams to inform the diagnosis of pneumonia. Exclusion criteria included residing outside North East England, clinical diagnosis of bronchiolitis, hospitalisation in the preceding 3 weeks or normal chest radiograph after formal reporting by a radiologist.
All chest radiographs were reviewed by second consultant radiologists (one for each study) at the regional centre in Newcastle upon Tyne who were blinded to both the clinical data and the first reports. Radiological findings were categorised into lobar, patchy or perihilar, according to the World Health Organization criteria [12] . Pneumococcal conjugate immunisation history including the valency of PCV was obtained from parents and cross-checked with the child's parent-held health records. General practice surgeries were contacted to clarify the doses given if there was uncertainty. Immunisation history was not collected in the pre-vaccine study.
Laboratory procedures
Blood samples were collected for serum, blood culture (BacT/ALERT; bioMérieux, Craponne, France) and pneumococcal PCR testing. Approximately 4 weeks later blood was collected for convalescent serology. Parents often declined returning for these convalescent samples (all in the post-vaccine study), contributing to the variability in the number of investigations performed. Nasopharyngeal secretions included aspirates from infants, and/or swabs from older children. Nasopharyngeal aspirate samples were placed in 0.9% sodium chloride transport solution or swabs (Medical Wire and Equipment Co. Ltd, Corsham, UK). Tracheobronchial secretions (collected via endotracheal tube or bronchoalveolar lavage) and pleural fluid were tested when obtained. The nature of the collected samples were standardised across all ages and in both studies. Recovery of bacterial pathogens from nasopharyngeal secretions, sputum or by urinary pneumococcal antigen was not considered evidence of definite infection, due to the risk of physiological colonisation [3, 13] . Therefore, only positive results that were classified as likely causative pathogens of pneumonia according to defined diagnostic criteria are presented and discussed (table 1). Any positive results from the potentially colonised above-mentioned sites were added together separately and rates were grouped among ''unknown causes'' in figure 1 for the reader's information.
Where tests were not part of routine clinical care, samples were stored at -20uC for subsequent analysis. Investigations were performed in the microbiology laboratory, Newcastle upon Tyne Hospitals NHS Trust and the Health Protection Agency (HPA) Public Health Laboratory, Newcastle upon Tyne. Apart from locally performed routine diagnostic tests, samples from Middlesbrough were transported to Newcastle upon Tyne via daily transport services. Pneumococcal isolates from blood and respiratory secretions including pleural fluids were serotyped by multiplexed immunoassay using xMAP beads (Bio-Plex, Bio-Rad, Hercules, CA, USA) for detection of serotype-specific Streptococcus pneumoniae antigens at the national HPA Respiratory and Systemic Infection Laboratory (London, UK) [14] .
Viral laboratory diagnostic tests
Pre-vaccination, immunofluorescence antibody testing (IFAT) was applied to respiratory secretions using Chemicon (Temecula, CA, USA) SimuFluor fluorescein isothiocyanate for respiratory syncytial virus (RSV), influenza A and B, parainfluenza 1-3 and adenovirus. Human metapneumovirus (hMPV) was tested for using IFAT utilising an in-house pool of anti-hMPV monoclonal antibodies [15] . Viral screening was performed in the post-vaccine study using an in-house multiplex real-time PCR assay. The target panel was expanded to include pandemic influenza A subtype H1N1, parainfluenza virus 4, rhinovirus, coronavirus (229E, OC43 and NL63) and bocavirus, plus the viruses previously tested for by IFAT. Viral serological tests included RSV, influenza A and B and adenovirus. Bacterial laboratory diagnostic tests Total nucleic acid was extracted from blood samples from both studies and tested using a S. pneumoniaespecific PCR assay targeting the pneumolysin gene [16] . An acute complement fixation test antibody screen for ''atypical'' bacteria and respiratory viruses was also performed, which included Mycoplasma IgM antibody, M. pneumoniae, Chlamydia pneumoniae and C. psittaci, as well as Coxiella burnetii and Legionella pneumophila serogroup 1-6 in the post-vaccine study. Antistreptolysin O titre was assayed in both studies using a Rheumajet ASO kit (Launch Diagnostics, Longfield, UK).
Statistical analysis
Data were analysed using Epi Info TM 7 (Centers for Disease Control and Prevention, Atlanta, GA, USA). A summary of the isolated pathogens was presented as frequencies and categorised as viral, bacterial or mixed viral-bacterial infections. Detection rates of pathogens are expressed as proportions of those tested, and results were compared in relation to age group. The age group classification was under or above 5 years, as by the start of post-vaccine study; children in the ,5 years age group should have been vaccinated with PCV. This would allow the investigation of the relative contribution of pneumococcal infection in causing pneumonia, as well as the role of other pathogens. Where there was a common methodology for diagnosis between studies, identification rates of infections were compared using Fisher's exact test with odds ratios and 95% confidence intervals.
A subgroup analysis within the post-vaccine study was performed on children enrolled before the PCV13 was introduced in April 2010. This was to compare the rates of infection groups in relation to the data from the pre-vaccine study and all from the post-vaccine study (October 2009 to March 2011).
Results
A total of 401 children were enrolled; 241 and 160 in the pre-and post-vaccine studies, respectively. All had at least one microbiological investigation performed. There were similar demographic characteristics between the pre-and post-vaccine studies, including median age (2.5 versus 2.6 years), proportions of males (57% versus 56%) and aged ,5 years (75.5% versus 69%). Figure 1 summarises the aetiological and radiological classifications and table 2 lists the results of the diagnostic tests performed. Lobar consolidation was more often present post-vaccination (61%) compared to 23% pre-vaccination (p,0.001). A likely causative pathogen was established in 61% of children post-vaccination, compared to 48.5% prevaccination (OR 0.6, 95% CI 0.41-0.92; p50.019) when the results of all tests were combined. 41 children were not eligible for the PCV due to age criteria, while its uptake was 94% (112 out of 119) among eligible children (89 PCV7, 10 PCV13 and 13 received combined doses of each with age-appropriate schedule). Of those vaccinated with PCV7 either routinely or according to the catch-up programmes, 83 received age-appropriate doses (57 had full schedule) whereas six children had a partial schedule with one dose less for their age. Among those who had PCV13, one received the full schedule, one child had one dose less for age, and eight had not completed but had appropriate doses for their age. Table 3 shows the number of pathogens identified with age-group distribution. Viral (31%) and mixed infections (12.5%) were significantly higher post-vaccination than pre-vaccination, at 19.5% (p50.021) and 5% (p50.015), respectively. The detection of viruses using a combination of PCR and serological assays post-vaccination (85 (57%) out of 149) was higher than that achieved testing with immunofluorescence and serology pre-vaccination (65 (30.5%) out of 213). This improvement in viral detection was thought to be due to the application of PCR assays (44.7%) replacing immunofluorescence testing (27.9%) on respiratory secretions (p50.003). Post-vaccination, acute viral serological assays were only positive in seven patients with influenza A virus infection, whereas pre-vaccination, combined acute and convalescent serology identified eight patients with RSV infection, eight patients with adenovirus, four with influenza A/B viruses, and one with Epstein-Barr virus.
Viral infections
Post-vaccination, RSV was detected in 21% (31 out of 147) of samples, of which 19 were type A, with rhinovirus (8.5%), influenza (7%) and adenoviruses (7%). These figures were comparable with those prevaccination for adenovirus and influenza A/B (6% each); but higher than that for RSV (15%). Of the 142 identified causative pathogens post-vaccination, 71 (50%) viruses were detected among those aged ,5 years, compared to the finding in the pre-vaccine study (54 (36%) out of 149). hMPV was not detected in any of the 48 pre-vaccination respiratory samples tested, but was identified in one child in the postvaccine study.
Bacterial infections
There was no difference in the rates of bacterial infections post-vaccination, (17.5% of the total) compared to 24% pre-vaccination (p50.258). Overall, identified pneumococcal infections were not different between the studies (p50.557). They represent 17.4% among children tested post-vaccination (14 (15%) out of 93 and 10 (22.2%) out of 45 in those aged ,5 years and .5 years, respectively). This was compared to 14.7% pre-vaccination (28 (15.6%) out of 180 and seven (12%) out of 58 among those aged ,5 years and .5 years, respectively). In the post-vaccine study, diagnosis of pneumococcal infection improved when PCR was used (21 (21.6%) out of 97) compared to culture (eight (6%) out of 132) (p50.0004). A serotype was identified in 75% (18 out of 24) in the post-vaccine study. These were serotypes 1 (44.4%), 3 (27.8%), 19A (22.2%) and 7A/F (5.6%). The rate of positive blood culture post-vaccination was almost double (5.6%) that pre-vaccination (3.2%).
Group A streptococcal infections were confirmed in a greater proportion of children (10.5%) postvaccination than in the pre-vaccination group (7%). These infections were associated with severe disease, and in two-thirds of cases with empyema. M. pneumoniae was identified from acute serology in 9.9% of children post-vaccination, with 4% (two out of 51) in those aged ,5 years and 20% (six out of 30) in patients aged .5 years. The rate of detected mycoplasma infection was higher pre-vaccination (12.5%) when paired acute and convalescent samples were available, with 7% (nine out of 128) in those aged ,5 years and 27% (13 out of 48) in those aged .5 years.
Subgroup analysis: October 2009 to March 2010
Among 67 children enrolled during this period, the causative pathogen was identified in 37 (55%). S. pneumoniae was identified in 18.3% (11 out of 60) compared to 16.7% (13 out of 78) during the first year of PCV13 vaccination (p50.824). Rates of infections were 22.4% bacterial, 22.4% viral and 10.5% mixed. The rate of bacterial infection is similar to the figures from the pre-and entire post-vaccine studies. There was no difference between the rates of viral infection before and after the introduction of PCV13 during the post-vaccine study (p50.079). 
Discussion
This is the first published study to describe the aetiology of CAP in UK children prior to and following the introduction of the PCV7. The timing of this comprehensive study, 3 years after the introduction of PCV7 and during the first year of PCV13, provides a baseline for future comparative studies of the pneumonia aetiology in the same setting. The causative pathogens identified were predominately viruses in both studies, with the detection of pneumococcal infections increasing from pre-to post-vaccine studies, presumably as a consequence of the application of molecular diagnostic methods.
Previous UK studies investigating the aetiology of pneumonia prior to the introduction of the PCV7 were able to identify the causative pathogens in up to 54% of children [17] [18] [19] . In addition to blood cultures, blood was tested for S. pneumoniae, Mycoplasma and Chlamydia using PCR and identified 8% of children with pneumococcal pneumonia [18] . Another study identified 6% pneumococcal infection using pneumolysin ELISA on blood [19] . The identification rate of 61% for the likely causative pathogens in the post-vaccine study is similar to that reported by DON et al. [20] , who used serological assays. However, this is lower than the detection rates of ,80% from studies which used serological and/or molecular approaches [21] [22] [23] , but higher than the rates previously found prior to the introduction of the conjugate vaccine [24, 25] . The improved detection rate between our two studies appears to be related to the different laboratory approaches used.
While molecular diagnostic methods have improved respiratory virus detection and bacterial detection from normally sterile sites, the interpretation of results can be more problematic when it is applied to nasopharyngeal secretions and other respiratory samples [3, 13] . Additionally, pneumococcal pneumolysin DNA can be detected in the blood of healthy children colonised with pneumococcus [26] . The pneumolysin gene can also be detected in non-pneumococcal Viridans-group streptococci, particularly S. pseudopneumoniae and S. mitis [5] . Potential confounders resulting from using a pneumolysin PCR in this study therefore include false positives associated with pneumococcal carriage or cross-reactivity with other Viridans-group streptococci. Given the very low pneumococcal carriage rate in this population (7%), the former is unlikely.
Although not well explored, viral carriage is also a clinical possibility, leading to positive PCR results that do not necessarily correlate to the observed pneumonia [27] . Hence the results of PCR-based approaches can be limited in making a definite diagnosis of causative pathogens in pneumonia.
The rates of pneumococcal infection from the two datasets are lower than in studies in other countries [3] , but are higher than those previously described in the UK [18, 19] . Improvement of pneumococcal identification with the application of PCR when compared to culture alone is consistent with previous studies [9, [28] [29] [30] . This is similar to the reported increase in a recent Italian study (from 3.8% to 15.4%) [8] . It is interesting that despite the overall decrease in the incidence and hospitalisation of pneumonia since the introduction of PCV7 [31, 32] , the rates of pneumococcal infection were comparable between the two studies. Replacement with non-PCV7 serotypes causing invasive pneumococcal disease is well recognised [33] , and this may explain our findings in the face of reduction in disease incidence. Where pneumococcal serotyping was possible, with the majority being identified from pleural fluids, all serotypes recovered were non-PCV7 but included in PCV13. This is similar to data from the USA on children with empyema, where 98% were non-PCV7 serotypes and primarily similar to the serotypes in our study [34] . Despite the lack of comprehensive serotype data, this suggests that PCV13 could substantially reduce invasive pneumococcal disease [35, 36] .
Serological evidence of Mycoplasma infection was detected in 12.5% and 9.9% of children in the pre-and post-vaccination studies, respectively, rates that are similar to the published literature [19, 25] . M. pneumoniae is traditionally considered a pathogen of older children, and in these studies was identified more frequently in those .5 years of age. No other serological evidence of other ''atypical'' organisms was identified, although this may have been as a consequence of the lack of convalescent sera. S. aureus and group A streptococcal infections were often associated with severe pneumonia and empyema [37, 38] . In keeping with previous findings, group A Streptococcus can be found in up to 7% of children with pneumonia, compared to 7% and 10.5%, respectively, in the pre-and post-vaccination datasets [19, 39] . With the introduction of PCV and decrease in pneumococcal pneumonia it is possible that the relative proportion of bacteria such as group A Streptococcus and S. aureus, as well as M. pneumoniae causing severe pneumonia will increase.
Viruses, either alone or as co-pathogens, were detected in 25% and 43% of children in the pre-and postvaccine studies, respectively, with RSV being the most commonly detected pathogen, as previously reported [3, 40] . This was followed by rhinovirus, influenza and adenovirus at ,7% each, similar to data previously described for the same region [19] . Diagnosis of viral infection was achieved mainly through the testing of respiratory secretions rather than by serology, which was only positive in seven children with influenza A virus. The improvement in the detection of viruses in the post-vaccine study was mainly achieved by the [2, 23] . In the post-vaccine study, viral screening was expanded to include eight viruses with their subgroups, including pandemic H1N1, and to delineate their contribution in causing CAP in children in the UK. Considering the timing of the second recruitment period, pandemic influenza A H1N1 as a single pathogen was not implicated in many cases of pneumonia. The low isolation rates of bocavirus, coronavirus and hMPV highlight the minimal contribution of these viruses to the aetiology of pneumonia in children in the UK. The rates of mixed viral-bacterial infection were variable between the two studies and likely to be dependent on the screening methods used to identify the causative pathogens [3] .
There are several limitations to our data, such as potential seasonal bias to the data of the post-vaccine study in which recruitment was carried out over 18 months which included two winter seasons (48% of enrolled children). Although the post-vaccine study covered two winter seasons, the numbers of children enrolled were fewer than in the pre-vaccine study, which could be a true reflection of decreased disease incidence and hospitalisation. The findings from the post-vaccine study may have been hampered by the lack of convalescent sera, which may have led to the underestimation of the role of atypical bacteria in paediatric pneumonia, but this effect is probably minimal as Mycoplasma infection was only detected in three children by paired serum samples in the pre-vaccine study. Lack of serotype data of the identified pneumococci from the pre-vaccine study limits the true comparison with the serotype profile after the implementation of the conjugate vaccine. Another limitation is the variation between the two studies in the diagnostic methods used and the pathogens investigated, which makes the interpretation of comparative findings guarded. The significant improvement in pathogen identification by the application of more PCR assays adds further evidence to the importance of using these techniques to monitor changes in the epidemiology of paediatric CAP and pneumococcal serotype replacement.
In conclusion, although viruses are the most common cause of pneumonia, around a fifth of children had bacterial infections. The combined use of culture, serology and PCR-based diagnostic tests significantly improved the identification of causative pathogens in paediatric CAP. Replacement of PCV7 with PCV13 was likely to be associated with as significant a reduction in pneumococcal disease as non-PCV7, but PCV13 serotypes predominated. This requires continued surveillance to monitor for the emergence of serotype replacement.
